disturbances in mineral nutrition and carbohydrate metabolism, and therefore may strongly reduce biomass production [6] [7] [8] . Decreased biomass due to Cd toxicity could be a direct consequence of inhibited chlorophyll synthesis and photosystem II (PSII) efficiency [9] [10] . Salinity could also have a similar effect. The physiological processes affected by salinity include changes in plant growth [11] , membrane permeability [12] , mineral distribution [13] , reduction in chlorophyll content [14] [15] , and decreased efficiency of photosynthesis [16] [17] . Understanding the physiological mechanisms of various stress factors is critical in predicting the disturbances that influence plant growth and productivity. Photosynthesis is one of the most important metabolic processes in plants and its performance is greatly affected by environmental constraints, making photosynthetic measurements an important component of plant stress studies [18] . In order to determine photosynthetic damage as caused by environmental stresses, chlorophyll fluorescence (ChlF) can be used to detect the impact of such stresses on plants [19] . Measuring the yield of ChlF can provide information about changes in the efficiency of photosynthesis and heat dissipation [20] . Photosynthetic efficiency of PSII, both in the light (Ф PSII ) and in a dark-adapted state (F v /F m ) are the most widely used Chl fluorescence measuring parameters in plant investigations [21] [22] . ChlF has been used to measure salt-tolerance characteristics of rice [23] , grapevines [24] , and Crithmum maritimum [25] . In addition, ChlF-based methods have been developed to measure heavy metal effects [26] .
Cd has been shown to induce change in ChlF and photosynthetic activities of Zea mais [9] , Elsholtzia argyi [10] and wheat cultivars [27] . Environmental stresses such as salt [28] [29] [30] [31] and cadmium [32] [33] [34] [35] can also affect photosynthetic pigments and inhibit photosynthesis. It was shown that PSII efficiency depends on pigment concentration and structure [36] . Chlorophyll concentration varies according to environmental conditions and some pigments such as carotenoids, which have been reported to play a direct role in NPQ [37] , and are involved in photosynthesis and photoprotection mechanisms [38] [39] [40] [41] . In Tunisia, tomatoes are one of the most important horticultural crops. They cover more than 120,000 ha and are exposed to many adverse environmental stress factors [42] . In this study, we selected two of the most prevailing stresses affecting agricultural soil in Tunisia [43] and investigated the response of tomato plants (Solanum lycopersicum cv. Rio Grande), a variety that plays an important role in the Tunisian agricultural economy [44] . The objectives of our study were: (i) to evaluate the effects of NaCl and Cd on plant growth, chlorophyll content, and functionality of the photosynthetic apparatus and (ii) to identify the most relevant ChlF parameters of photosynthetic disturbance in tomatoes under salt and cadmium stresses.
Materials and Methods

Experimental Design
The study included two treatments: salt and cadmium stresses conducted under the same controlled conditions in a culture chamber over different periods. Tomato (Solanum lycopersicum cv. Rio Grande) seeds were germinated in trays filled with peat. The average temperature was 28± 2ºC and relative humidity was 90%. After 20 days (d), tomato seedlings at the second true leaf stage were transferred to plastic pots (one plant per pot) containing peat. The environmental conditions were 28/17°C (day/night) temperature, 16 h light (450 µmol m -2 s -1
) and 60-70% relative humidity. Plants were grown under non-stress conditions for 13 days. When plants were at the third true leaf stage (day 34), cadmium and salt treatments were initiated. Sodium chloride (NaCl) and cadmium chloride (CdCl 2 ) were added to deionised water to provide final concentrations of 0 (control), 25, 50, 100, 150, and 200 mM NaCl, and 0, 1, 2.5, 5, and 10 mM Cd. Both NaCl and Cd concentrations were imposed incrementally every day until final concentrations were reached. The plants were grown for 28 d under salt stress and 12 d under cadmium stress. Irrigation was applied twice a day. The experiment was carried out with six replications for both NaCl and Cd treatments.
Stomatal Conductance and Chlorophyll
Fluorescence Measurements
Stomatal conductance (Gs) was determined using a Delta T model P 4 porometer according to Monteith et al. [45] . Chlorophyll fluorescence emission from the upper surface of the leaves was measured by a modulated fluorimeter (Mini PAM Photosynthesis Yield Analyser, Walz, Effeltrich, Germany). Selected leaves to measure stomatal conductance were used for fluorescence measurements. The initial (F 0 ) and maximum fluorescence (F m ) emissions were assessed in leaves after 30 min of dark adaptation, and the maximum quantum efficiency of PSII was calculated as F v /F m = (F m -F 0 )/F m . Next, the leaves were continuously illuminated with a white actinic light in order to measure F s and F' m (steady-state and maximum fluorescence yield in light-adapted leaves, respectively). The parameter F' 0 (minimum fluorescence in the light-adapted state) was estimated following Baker and Rosenqvist [46] . Non-photochemical quenching of fluorescence (NPQ), which is proportional to the rate constant of thermal energy dissipation [47] , was calculated as NPQ = (F m -F' m )/F' m . The coefficient of photochemical quenching (q p ) was calculated as (F' m -F s ) / (F' m -F' 0 ) [48] . The intrinsic efficiency of open PSII Ф exc was calculated as F' v /F' m . The quantum yield of PSII electron transport, Ф PSII [49] [50] , was calculated as ΔF/F' m = (F' m -F s )/F' m where ΔF = F' m -F s [51] . Ф PSII is used to calculate the linear electron transport rate (ETR) according to Krall and Edwards [52] . ETR = ΔF/F' m ×PPFD×0.5×0.84, where PPFD: photosynthetic photon flux density incident on the leaf, 0.5: a factor that assumes equal distribution of energy between the two photosystems, 0.84: assumed leaf absorbance. Measurements of stomatal conductance and modulated chlorophyll fluorescence were taken after 7, 14, 21, and 28 days of NaCl treatment, and 3, 6, 9, and 12 days of Cd treatment.
Growth Determinations
At the end of the experimental period, all leaves were detached from the stems and the total leaf area was measured with a Delta T image analysis system (Delta T, LTD, England, UK). Total leaf dry weight was determined after leaves had been dried at 70ºC for 48 hours.
Pigments Assay 0.5 g of fresh leaves were ground in 10 ml of 80% cold acetone. The homogenate was centrifuged at 5,000 x g for 10 min. The supernatant absorbance at 663.2, 646.8, and 470.0 nm was recorded. Chlorophyll a (Chl a), chlorophyll b (Chl b), and carotenoid contents (mg.g -1 .FW) were calculated according to Lichtenthaler [53] .
Leaf Na + and Cd 2+ Contents
At harvest, Na + content in the leaf tissues of NaCl treated plants was measured by flame emission photometry (Eppendorf) after extraction of the dry tissues in 0.1N HNO 3 . To measure Cd 2+ in leaves, samples were wet-digested with HNO 3 /HClO 4 (4/1, V/V), and the leaf Cd 2+ content was determined on the digests with atomic absorption spectrophotometry. All samples were analyzed in duplicate with reagent blanks.
Statistical Analysis
The effects of the salt and cadmium treatments on all measured physiological parameters were tested using one-way ANOVA. Statistica 7.1 software (Stat-Soft, Inc., Tulsa, OK, USA) was used to perform statistical analyses. Differences between treatments were significant at p<0.05 in the Student-Newman-Keuls test. All results indicate mean values and their standard error (± SE).
Results and Discussion
Leaf Growth and Na + and Cd 2+ Contents
Results showed that leaf dry matter and leaf area of tomato plants decreased with an increase of salt and cadmium stress intensity in the growth medium, and tomato suffered a more serious decrease under Cd treatments (Table 1) . For NaCl-treated plants, higher values of dry matter and leaf area were at 25 mM NaCl, followed by control (0 mM NaCl). Inhibition of dry matter and leaf area was 80% after 12 days of growth at 10 mM Cd and did not exceed 60% and 72% for dry matter and leaf area, respectively, after 28 days at 200 mM NaCl. The higher level of growth loss under Cd stress compared to salt stress suggests that Cd has a greater negative impact on plant health than salt. This could be explained by the high phytotoxicity of Cd, which is not an essential nutrient in higher plants [54] . It has been reported that exposure to even relatively low concentrations of Cd results in high toxicity to plants [55] . The inhibition of (Fig. 1b) contents. It was shown that NaCl and Cd bring ionic toxicity by elevated levels of Na + [28] [29] [30] and Cd 2+ [32] [33] in plant tissues, which disturbs nutrient uptake and stomatal opening, inhibits some of the enzymes of the Calvin cycle, and affects plant biomass [62] .
Photosynthetic Pigments
Leaf pigments content is an indicator of general plant health [57] . Our results showed that NaCl and Cd induced a significant decrease in chlorophyll content ( Table 1 ). The reductions recorded after 12 d at 10 mM Cd were 23, 61, and 48% for Chl a, Chl b, and carotenoids, respectively. Under NaCl treatment, the variations measured after 28 days at 200 mM NaCl showed an increase in carotenoid content by 61%, while chlorophyll content was decreased by 45% and 63% for for Chl a and Chl b, respectively. The decline in chlorophyll content under stress conditions could be due to impaired biosynthesis or accelerated pigment degradation [63] . Our results are in agreement with those of Bacha et al. [64] and Kaya et al. [65] , who observed a loss of chlorophyll content in plants subjected to salt stress. The effect is ascribed to an increased level of the toxic cation Na + [66] . On the other hand, carotenoid accumulation is enhanced by NaCl stress. These results are in agreement with other studies that have reported an increase in carotenoids under salt stress [67] [68] , presumably due to the protective effect of carotenoids against reactive oxygen species (ROS) [37, 67] . Under Cd treatments, we recorded a significant decrease in both chlorophyll and carotenoid contents. It was shown that Cd treatment impairs the structure of chloroplasts, the chlorophyll biosynthesis pathway, and the assembly of the pigment-protein complexes of photosystems [69] . Our results are in agreement with those of Thapar et al. [68] and Chen et al. [70] .
Stomatal Conductance
Under stress conditions, plant growth is affected by stress factors in different ways [71] , and the photosynthetic process appears to be particularly sensitive to NaCl [72] [73] and Cd [69, 74] . Photosynthesis inhibition may be ascribed to stomatal and/or nonstomatal limitations, [75] [76] . The results of our study showed that both NaCl and Cd stresses decreased stomatal conductance (Gs). Under salt treatment, Gs decreased progressively with increased NaCl concentrations (Fig. 2a) . The decrease after 28 days of NaCl treatment was about 82% and 91% under 150 and 200 mM NaCl, respectively. The decrease in Gs in NaCl-treated plants could be due to the decrease of water potential and the concomitant increase in Na + in tomato leaves [73] . The increased accumulation of Na + in the vacuoles could be a strategy for plants to decrease cell water potential under saline conditions [77] . Under Cd treatment, the decline of Gs was drastic and occurred at an early stage, beginning from the lowest Cd concentration in the growth medium (1 mM Cd) and continuing to drop throughout the experiment (Fig. 2b) . Reduction in Gs after 12 days of cadmium treatments were about 69% and 78% under 5 and 10 mM Cd, respectively, and could be ascribed to plant water balance [69] . Closing the stomatal pores and/or decreasing its density have been reported in other species under salt [24, 31] and Cd treatments [33] [34] . The stomatal closures along with reductions in chlorophyll contents suggest that both stomatal and non-stomatal restrictions occurred under NaCl and Cd stresses [62] .
Steady-State of Dark-Adapted Fluorescence
Parameters under Salt and Cadmium Stresses F o , F m , and F v /F m are important Chl fluorescence parameters used in plant stress physiology studies [78] . F o is minimal fluorescence level when all antenna pigment complexes associated with photosystem are open (dark adapted). F m is the maximal fluorescence level when a high intensity flash has been applied. All antenna sites are assumed to be closed [79] . The F v /F m ratio is an index of the maximum photochemical efficiency of PSII (the efficiency if all PSII centers were open) and can be used to estimate the potential efficiency of PSII by taking dark-adapted measurement [78] [79] . A decrease in F v /F m is a reliable sign of photoinhibition [80] . Fig. 3 showed the responses to NaCl and Cd stresses of the chlorophyll a fluorescence parameters of dark-adapted leaves of tomato over time. Under NaCl treatment, there was no change in minimal Chl fluorescence (F 0 ), maximal Chl fluorescence (F m ), and maximum quantum efficiency of PSII photochemistry (F v /F m ) throughout the time of salt treatment, indicating that salinity did not induce sustained photodamage. The average F v /F m value was 0.80±0.01 for both control and salt-treated plants over the course of the experiment (Figs 3a-d) . Other studies showed little to no effect on F v /F m -even when leaf growth and gas exchange were reduced [81] [82] . Under Cd treatment, there were no significant changes in Our results were in agreement with those of Streb et al. [26] , who showed that the F v /F m parameter was not sensitive to Cd stress. In contrast, other studies showed that the F v /F m decreased under Cd stress [69] [70] . In this experiment, the stability of F v /F m under NaCl and Cd treatments showed that there was no damage to PSII, suggesting that neither stress affected the PSII primary photochemistry, which may not be the first target of Cd and NaCl stresses. This is because NaCl and Cd initially decrease stomatal conductance, which reduces photosynthesis and growth of the plant, leaving PSII unaffected in the early stages of stress [46] .
Light-Adapted Fluorescence Parameters and Photoprotection Mechanisms under Salt and Cadmium Stresses
The actual PSII efficiency (Ф PSII ) of light-adapted leaves gives an estimation of the efficiency and represents the photochemistry at different photon flux density [4] . Ф PSII depends on (i) the proportion of open oxidized PSII reactions centers estimated by the photochemical quenching q P [48] and (ii) the intrinsic PSII efficiency (Φ exc ) [49] [50] . NPQ (non-photochemical quenching) is the amount of dissipated excessive irradiation into heat and has a role in photoprotection [40] . Therefore, its activity is regulated by environmental conditions [39] . In this experiment the response of light-adapted leaves of tomato differed depending on the stress factor, stress intensity, and time exposure to NaCl and Cd stresses. Under salt treatments, fluorescence kinetics showed no significant difference in Φ exc and Φ PSII for the first three weeks after salt treatment began (Fig. 4a-c) . At the end of the fourth week, Φ exc and Φ PSII decreased significantly (Fig. 4d) .
Control plants had an average Φ exc value of 0.75±0.01 and Φ PSII value of 0.61±0.01. After 28 days at 200 mM NaCl, Φ exc decreased to 0.67±0.01 and Φ PSII dropped to 0.32±0.01. Under cadmium treatments, the decrease in Φ exc and Φ PSII occurred at an early stage. Light-adapted parameters declined on day 6 of the cadmium treatment and continued to decrease until the end of the experiment (Figs 4a'-d') . Control plants had an average Φ exc value of 0.74±0.01 and Φ PSII value of 0.56±0.01. After 12 d at 10 mM Cd, Φ exc decreased to 0.68±0.01 and Φ PSII declined to 0.38±0.01.
Lower Ф PSII in tomato leaves treated with NaCl and Cd implied that the distribution of light energy was reduced. This quenching mechanism was not due to inhibited photochemistry since the Fv/Fm ratio remained quite stable (Fig. 3) . Under such conditions, increasing NPQ could play a key role in excess energy dissipation in order to keep photosynthetic machinery from being destroyed. Our results indicated that there was no change in NPQ at the beginning of NaCl (Figs 5a-c) and Cd ( Figs 5a'-c') treatments. At the end of the experimental period, NPQ rose significantly with increased NaCl (Fig. 5d) and Cd (Fig. 5d' ) stress intensities. This increase was coupled with a significant decrease of q p .
In salt-treated plants, the average NPQ value was 0.41±0.01 in control plants which increased to 1.30±0.01, whereas q p values decreased from 0.8±0.01 in control plants to 0.58±0.01 by 28 d at 200 mM Nacl. In Cd-treated plants, the average NPQ value was 0.58±0.01 in control plants, which increased to 0.87±0.01 while q p values were 0.75±0.01 in control plants and decreased to 0.56±0.01 by 12 d at 10 mM Cd. The decrease of q p along with an increase of NPQ may cause a down regulation of PSII to avoid over-reduction of Q A [49] . Such control serves as a dissipation mechanism for the excessive excitation energy when the rate of ATP and NADPH synthesis exceeds demands [38] . It has been shown that environmental stresses make the electron transfer chain saturated and increase proton accumulation, therefore NPQ would increase [39, 80] . The highest NPQ was obtained in NaCl-treated plants. This indicates the ability of tomato leaves to dissipate more excess energy, which provides a higher ability to mitigate the negative effects of NaCl treatments at the chloroplast level, as these organelles have the ability to dissipate the excess excitation energy [63] . The increased capacity of NPQ has been reported for other species under both salt [67, 83] and Cd [54, 69] treatments. In NaCl-treated plants, the increased NPQ activity could be related to the increase in carotenoid content [80, [84] [85] . The increase in carotenoid accumulation under salt stress and its decrease under Cd stress suggests that regulation of NPQ by salt and cadmium was obtained by different mechanisms [80, 84] . In addition to enhanced thermal dissipation, increased photorespiration may be a potential mechanism for avoiding photodamage in salt-stressed plants [38] [39] . The photosynthetic parameter ETR provides a conjecture of the rate of electrons pumped via the PSII into the photosynthetic chain [86] . Therefore, malfunctioning of the ETR undeniably implies that there is damage to the PSII. In our experiment, the primary response of tomato leaves to salt (Figs 6a-c) and cadmium (Fig. 6a') was a decrease in stomatal conductance with no change in photosynthetic performance and electron transport rate. After 28 days at 200 mM NaCl, Gs decreased by about 91% and ETR by 36% (Fig. 6d) . Under Cd treatment, Gs decreased by 78% and ETR by 21% and 32% at days 9 and 12, respectively (Figs 6c'-d') . This suggests that NaCl and Cd initially decreased stomatal conductance, leaving PS II unaffected in the early stages of stress [46, 72] . By the end of the experiment, the quasi total stomatal closure with 91% and 78% reduction of Gs under NaCl and Cd stress, respectively, were accompanied by a decline in ETR. Hence, stomatal closure is associated with a downregulation of ETR, which is compensated for by increased thermal dissipation. In an attempt to investigate the most reliable Chl a fluorescence parameters for measuring sensitivity of tomato to cadmium and salinity, a multiple correlation analysis was performed between Chl a fluorescence characteristics and leaf Na + and Cd 2+ contents (Table 2) . Results showed a significant positive correlation with NPQ and significant negative correlations (about 0.9) with Φ PSII , q p , and ETR. These parameters could be considered as an indicator of photosynthetic disturbance in tomato leaves. Similar conclusions have been reported for Atriplex halimus and costal plants under cadmium [69] and salt [72] stress, respectively.
Conclusions
In the present study, we evaluated the effect of salinity and cadmium treatments on growth and photosynthetic parameters of tomato plants. Exposure of tomato to NaCl and Cd considerably affected its growth expressed as dry mass and leaf area, photosynthetic pigment concentrations, stomatal conductance, and photochemical apparatus (PSII). NaCl and Cd stresses induced significant effects on chlorophyll fluorescence. The decreases in Φ PSII and increases in NPQ with no decline in F v /F m is an adaptative response preparing plants to dissipate excess light as heat to avoid photodamage. Light-adapted fluorescence measurements showed that Φ PSII , q p , ETR, and NPQ are the better indicators for detecting salt and cadmium stresses before severe damage occurs in tomato plants.
